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A B S T R A C T
DNA intelligence, and particularly the inference of biogeographical ancestry (BGA) is increasing in interest, and
relevance within the forensic genetics community. The majority of current MPS-based forensic ancestry-in-
formative assays focus on the differentiation of major global populations. The recently published MAPlex
(Multiplex for the Asia Pacific) panel contains 144 SNPs and 20 microhaplotypes and aims to improve the
differentiation of populations in the Asia Pacific region. This study reports the first forensic evaluation of the
MAPlex panel using AmpliSeq technology and Ion S5 sequencing. This study reports on the overall performance
of MAPlex including the assay’s sequence coverage distribution and stability, baseline noise and description of
problematic SNPs. Dilution series, artificially degraded and mixed DNA samples were also analysed to evaluate
the sensitivity of the panel with challenging or compromised forensic samples. As the first panel to combine
biallelic SNPs, multiple-allele SNPs and microhaplotypes, the MAPlex assay demonstrated an enhanced capacity
for mixture detection, not easily performed with common binary SNPs. This performance evaluation indicates
that MAPlex is a robust, stable and highly sensitive assay that is applicable to forensic casework for the pre-
diction of BGA.
1. Introduction
The MAPlex assay (Multiplex for the Asia Pacific) is an ancestry-
informative multiplex of SNP and microhaplotype markers [1], which
are genotyped by massively parallel sequencing (MPS) using the
Thermo Fisher Scientific (TFS) Ion S5 System [2]. MAPlex was devel-
oped to provide optimal differentiation of East Asian, South Asian and
Near Oceanian populations found in the geographically extensive Asia
Pacific regions; and comprises 164 markers: 108 bi-allelic SNPs, 36
multiple-allele SNPs and 20 microhaplotypes. The development of the
MAPlex assay and its route to an optimized MPS test applicable to
forensic DNA analysis consisted of three stages [3,4]: i. the selection
and combination of the most powerful ancestry-informative markers
(AIMs) for differentiating globally distributed population groups into a
single robust MPS multiplex, with a focus on the Asia Pacific region; ii.
the evaluation of the genotyping accuracy and forensic performance of
the multiplex by its application to analysing the range of DNA samples
commonly encountered in forensic casework, comprising low level
DNA, degraded DNA, mixed DNA and control DNA, where the geno-
types have been previously established independently of the labora-
tories genotyping the MAPlex markers using MPS; iii. compilation of a
broad range of worldwide populations to construct a reference database
of genetic variability and the development of enhanced ancestry pre-
dictive tools. The first stage has been completed and the description of
the MAPlex component AIMs and the compilation of initial sets of re-
ference and test population data formed the first publication [5]. This
study describes the evaluation of the forensic effectiveness of MAPlex,
combined with genotyping concordance studies to ensure the MPS-
based sequence analysis accurately detects the variation present in each
component AIM.
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The forensic evaluation steps undertaken form a series of analyses in
a standardized compact arrangement of test DNAs designed to measure
the forensic effectiveness of MAPlex. These comprise: dilution series of
standard control DNAs to gauge sensitivity of MAPlex for accurate
genotyping of low level DNA; analysis of artificially degraded DNA to
measure how successfully the short amplicons of MAPlex can detect its
component loci; artificially mixed DNA at ratios aiming to assess the
extent to which MAPlex can detect minor components of ∼10 % in
simple 2-way mixtures. The ability of MAPlex to detect and analyse
mixed DNA was evaluated with regard to 2-way mixtures of individuals
with different or identical ancestries, as a forensic ancestry panel tends
to compile markers with sharply contrasting allele frequency distribu-
tions, this characteristic can enhance or diminish the ability of the assay
to detect atypical sequence ratio patterns that signal a mixture, and this
was fully explored.
Although the focus of the studies we report here was on forensic
performance, the analysis of common control DNA samples (which are
commercially available) enabled detailed assessments of the assay’s
reproducibility - by comparing the results from two MAPlex develop-
ment laboratories; and genotyping accuracy - from comparison to on-
line databases of genotypes for the same samples, generated with dif-
ferent sequencing technologies. Potentially of more importance is the
opportunity to measure the sequencing characteristics of the multiplex,
its component loci, and the Ion S5 sequencing system for which MAPlex
has been designed. Such characteristics include: base misincorporation
rates and the analytical thresholds necessary to discount baseline non-
allelic base reads; distribution of sequence coverage and strand bias
amongst the MAPlex markers; the allelic balance of sequence ratios in
heterozygous genotypes; and alignment issues which may be unavoid-
able if the context sequence of key markers has polymeric base motifs
or unmapped insertion-deletion polymorphisms (Indels) close to the
target site. We report detailed evaluation of both the forensic para-
meters and genotyping precision of MAPlex. Lastly, it is important to
note that a key feature of MAPlex that shaped a significant part of the
analyses made, is the combination of binary SNPs with multiple-allele
SNPs and microhaplotypes for the first time in a forensic MPS multi-
plex.
2. Materials and methods
2.1. Experimental design, DNA samples and preparation of mixtures
A series of six tests, commonly used in forensics as internal vali-
dation of new methods, were used to evaluate the overall performance
of the MAPlex assay. To assess the reproducibility of MAPlex, 16 re-
plicates of 1 ng and 3 replicates of 2 ng 2800M Control DNA (Promega,
Madison, US) were sequenced following manufacturer’s guidelines. All
genotypes were compared and individual locus performance analyzed.
To evaluate genotype accuracy a concordance study was conducted
using 7 Coriell cell line DNA samples: HG00403; NA18498; NA06994;
NA07000; NA07029; NA11200; NA10540. The genotyping con-
cordance framework used allowed the comparison of: a) results from
two participating laboratories; and, b) laboratory results with the cu-
rated online variant databases of the 1000 Genomes Project Phase III
[6] for samples HG00403, NA18498, NA06994, NA07000 and Simons
Genome Diversity Project (SGDP) [7] for sample NA11200. Dis-
cordances with 1000 Genomes Phase III data were reviewed in detail
using the recently released 1000 Genomes Project New York Genome
Center high coverage dataset [8].
To estimate the lower limits of DNA input for the MAPlex assay, a
sensitivity doubling dilution series (2 ng-0.016 ng) of the 2800M con-
trol DNA (Promega) was prepared and run four times (dilution series
1–4). A second sensitivity dilution series of 2800M control DNA (10 ng
to 10 pg) was made to compare the manufacturer’s guideline for library
preparation (22 cycles) for the recommended 1 ng DNA input (dilution
series 5 and 6) and the manufacturer’s guideline for degraded/low-level
(< 1 ng input) DNA samples with an increased number of PCR cycles
(27 cycles) (dilution series 7). This approach was shown to increase
coverage for low quantity samples in previous studies [9,10].
The performance of the MAPlex assay with challenging DNA sam-
ples representative of typical forensic analyses, was assessed by running
a series of enzymatically-sheared in-house control DNA samples pre-
pared with the Ion Shear Plus kit (TFS) at 20, 25 and 45min intervals.
Degradation status was assessed by common STR typing using
AmpFlSTR™ NGM SElect™ PCR Amplification Kit (TFS). Finally, the
capacity of the MAPlex assay to resolve DNA mixtures was evaluated
with a set of artificial two-component mixtures prepared at volume
ratios of 1:1, 1:3 and 1:9 using the following Coriell DNA samples at
∼1 ng/μl (quantified using Qubit® ds DNA HS Assay, TFS): NA18498
(African population of origin: AFR) – HG00403 (East Asian: EAS);
HG00403 (EAS) – NA07000 (European: EUR); NA06994 (EUR) –
NA18498 (AFR); and NA07000 (EUR) – NA06994 (EUR). Final input
amount of DNA for library preparation was ∼1 ng of mixed DNA.
2.2. Library and template preparation for Ion S5 sequence analysis
Libraries were prepared from all samples using the DL8 Ion
AmpliSeq Kit for Chef (TFS, Waltham, US) and the Ion Chef (TFS) for
automated library construction. A final volume of 15 μL of all samples
was loaded onto the Ion Chef following manufacturer’s guidelines. This
produced pooled libraries combining batches of eight samples. The li-
brary pools were quantitated using the real time Ion Library TaqMan
Quantitation Kit qPCR protocol, diluted to 30 pM, pooled to equimolar
concentrations and re-loaded onto the Ion Chef for template prepara-
tion using the Ion 520 and Ion 530 Kits (TFS). All protocols followed
manufacturer’s guidelines. Finally, the pooled libraries were loaded
onto Ion 530 Chips (TFS) and sequenced with the Ion S5 System (TFS).
2.3. Data analysis
Data was analyzed using the Torrent Suite Software (TFS) which
applies the Torrent Mapping Alignment Program (TMAP) algorithm for
aligning the reads to the reference genome (GRCh37/hg19) and geno-
type calls made with the TFS HID SNP Genotyper version 5.2.2 plugin
(herein Genotyper). Genotyper used standard parameters for single-
source samples comprising a minimum coverage (min_cov) of 6 reads
and a minimum allele frequency for heterozygous call (min_allele_freq)
of 0.1 [11,12]. For mixtures, the min_allele_freq threshold was set at
0.02 for an enhanced detection of the minor component alleles
[10,13,14]. Genotyper outputs two different files: a variant call format
(vcf) and comma separated values file (csv) with all the details per SNP
target describing: the genotype call, coverage, number of reads per
base, number of forward and reverse reads, and major allele frequency.
SNP genotypes and sequence coverage data were retrieved and ana-
lyzed further using R v. 3.5.0 [15]. Genotypes and alignments were
manually confirmed by loading the BAM/BAI files into the Integrative
Genomic Viewer (IGV) [16]. The haplotypes of the microhaplotype loci,
in the form of phased SNP alleles, were obtained using the TVC_Mi-
crohaplotyper version 8.1 plugin (TFS, herein Microhaplotyper). The
parameter ‘relative analytical threshold’ was kept at the default value of
0.02 for mixtures and set to 0.1 for single-source sample analysis.
3. Results & discussion
3.1. Genotyping concordance
Genotyping concordance was evaluated at two levels: i. inter-la-
boratory concordance of seven Coriell controls; and ii. concordance
between laboratories and online data from 1000 Genomes (4/7 Coriell
controls) and SGDP (1/7 Coriell controls). Table 1 lists the discordant
genotypes found for both comparisons.
Overall, inter-laboratory concordance reached 99.80 %. A total of 3
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discordances in 1519 genotypes were found for samples HG00403,
NA07000 and NA11200 in SNP rs408046. Visualization of the BAM/
BAI files in IGV revealed differences in the alignments causing the
discordant genotype calls (Supplementary File S1A). These differences
could be due to use of different versions of the TFS Torrent Suite
Software (v.5.2.1 in Lab 1 vs. v.5.2.2 in Lab 2), with the genotype calls
made with v.5.2.2 being fully concordant with those of 1000 Genomes.
Concordance between laboratories and 1000 Genomes reached a
level of 99.54 %. In total, 4 discordances were found in 868 genotypes
in different SNPs – three of these were SNPs within microhaplotypes.
The cause of the discordances remained unclear after IGV scrutiny of
the sequences, and in each case the genotypes between laboratories
were fully concordant. These discordances were further investigated by
comparing our variant calls to those of the 1000 Genomes New York
Genome Center high coverage dataset [8], indicating genotypes were
fully concordant with those obtained in both laboratories, reaching 100
% concordance. Full concordance was observed between laboratories
and SGDP data.
Microhaplotype component SNP alleles that form the haplotypes
were also evaluated in order to assess phasing concordance, reaching an
inter-laboratory level of 100 % (no discordances in 140 genotypes).
Concordance with 1000 Genomes database reached a level of 96.25 %,
the three discordances (in 80 genotypes) were caused by the dis-
crepancies described above. Full concordance was observed between
laboratories and SGDP phased available data (no discordances in 14
genotypes).
3.2. Reproducibility
In the 16 replicates of 2800M at 1 ng and 3 replicates at 2 ng all
genotypes were concordant and dropout was not observed. Sequence
data from the replicates allowed the analysis of other factors related to
the Ion S5™ sequencing performance and the assay design. Detailed
analysis of mean coverage, coverage distribution, strand bias and base
misincorporation rates are described in the following sections. In order
to screen for poor performing SNPs, all positions for all replicates were
inspected with IGV, which led to the identification of two SNPs con-
sistently underperforming in all 1 ng replicates: rs2387842 and
rs1422656 showed alignment issues due to the presence of repetitive
regions and closely positioned Indels [17]. IGV alignments of the am-
plicons containing each SNP are outlined in Supplementary Files S1B-C.
The observation of underperforming SNPs due to homopolymeric tracts
and Indels has been previously reported [10,14,18].
3.2.1. Sequence coverage
As expected, 2 ng replicates resulted in higher values of total cov-
erage than 1 ng replicates, with mean values of 1,606,415.33 and
816,688.69, respectively (Supplementary Table S1). The automated li-
brary preparation process involves bead equalization of individual
libraries prior to generating a pooled library. Although the equalization
aims to achieve a 100 pM library prior to pooling, the initial template
input amount impacts on the representation of the library in the final
pool. This may be observed by variation in sequencing read depth for
samples of varying initial template input amounts. A statistic T-test was
applied to evaluate the difference between the total coverage values in
1 ng and 2 ng replicates which produced a p-value<0.05 and thus
statistically significant (p-value=0.00023081), indicating the MAPlex
assay is sensitive to DNA input.
Coverage distribution per SNP was analyzed by normalizing the
number of reads in each locus by the total coverage recorded for the
whole MAPlex panel. This resulted in very similar coverage distribution
between all replicates (Fig. 1A and Supplementary Table S2), showing
the robustness and stability of the assay for its optimum DNA input.
Nevertheless, all three 2 ng replicates show higher median values than
the 1 ng set and less variability in coverage distribution (Fig. 1A – the
last three samples vs. the others). A Kolmogorov-Smirnov statistical test
was applied to assess differences in mean normalized coverage dis-
tribution between 1 ng and 2 ng replicates (Fig. 1B and Supplementary
Table S2). Fig. 1B also shows SNPs that have low coverage in 1 ng also
have low coverage in 2 ng replicates. Similarly, the high coverage
outliers at the other extreme of this plot are the same markers in both
replicate sets, confirming the assay’s stability. The Kolmogorov-
Smirnov test produced two statistical values: D, accounting for the
absolute maximum difference between the mean normalized coverage
values of both sets of replicates (1 and 2 ng); and a p-value. 1 ng and
2 ng replicate mean normalized coverage distributions were found to be
statistically different (D=0.13364, p-value=0.04148), in agreement
with previous results that indicate MAPlex is sensitive to initial DNA
input. Such trends can also be graphically observed by plotting the
quantiles of both distributions against each other using normal quan-
tile-quantile (Q-Q) plots (Supplementary Fig. S1). Normal Q-Q plots
were also produced for each distribution (1 ng and 2 ng) and no linear
relation was observed indicating that normalized coverage does not
follow a normal distribution pattern (Supplementary Fig. S2).
3.2.2. Strand bias
Strand bias was analyzed by calculating the ratio between SNP
target reads on the forward strand divided by the total number of SNP
target reads (Fig. 2A). Even though strong strand bias was observed in a
previous study [10] of the Ion PGM™ sequencing system, in our ana-
lyses of MAPlex sequence data the range of values for mean strand bias
ratio per SNP observed was much smaller (mean values of
0.361−0.611). Indeed, absolute strand bias values of 1 and 0 were not
observed, indicating that in all MAPlex SNPs both forward and reverse
reads made reasonably balanced contributions to the genotype calling,
and demonstrating noticeable improvement of sequence analysis in the
Ion S5, as well as optimized assay design pipelines. Considering re-
plicate mean strand ratio, the mean value obtained was 0.497, very
Table 1
Discordant genotypes summary, listing genotypes obtained using the MAPlex panel in Lab 1 and Lab 2, and publicly available genotypes from the 1000 Genomes
Project. 1kGP3: 1000 Genomes Phase III; 1kGHC: 1000 Genomes high coverage data; “–“: not discordant.
HG00403 NA18498 NA7000 NA11200
1kGHC 1kGP3 Lab 1 Lab 2 1kGHC 1kGP3 Lab 1 Lab 2 1kGHC 1kGP3 Lab 1 Lab 2 Lab 1 Lab 2
rs776912 TT CT TT TT – – – – – – – –
MH3_rs3111398 CC CT CC CC – – – – – – – –
rs2789823 – – – GG AG GG GG – – – – –
rs408046 AT AT AA AT – – – GT GT AG GT GT AG
MH20_rs621340 – – – GG GT GG GG – – – – –
MH21_rs6517970 AC AA AC AC – – – – – – – –
1kGP3: 1000 Genomes Phase 3 data.
1kGHC: 1000 Genomes high coverage data.
–: not discordant.
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close to the optimum 0.5. Only 26 SNPs showed mean strand ratio
values falling outside the interval 0.45 < x < 0.55, representing 12 %
of the entire panel, and confirming an improved assay design process.
3.2.3. Base misincorporation rates
Base misincorporation analysis detects incorporation of bases not
matching the original genotype at individual SNP sites (Fig. 2B and
Table S3). A comparison between the insertion of a non-specific base
and the incorporation of a base matching the alternative allele in a
homozygote distinguishes between random erroneous insertions or base
incorporations that could possibly lead to an incorrect genotype call.
The misincorporation rates obtained with MAPlex were very similar (T-
test p-value= 0.283), showing no observable difference between a
described allele base (DAM) over a random base misincorporation
(RBM). In fact, when calculating the ratio between both DAM and RBM
and the total misincorporation reads, very close values of 0.566 and
0.433, respectively, were obtained. The mean percentage mis-
incorporation observed was 0.175 %. In total, 53 SNPs showed values
above the mean (24.4 % of the total panel). Considering the two se-
parate analyses (DAM and RBM), 37 and 14 SNPs showed higher values
than the mean (17.05 % and 6.45 %), respectively. Only one SNP
presented values above 2 %, with a random base incorporation rate of
0.46 %. These low overall rates of misincorporation allows better
mixture detection, as the threshold for minor component allele calling
can be set to 0.02.
3.2.4. Baseline noise of the MAPlex assay
A total of fourteen negative controls from reproducibility and sen-
sitivity series were analyzed to establish a baseline noise level. All reads
successfully targeting the SNP positions were analyzed and counted. A
mean value of numbers of reads in these positions was established
considering all samples; with counts distinguished as described allele
reads or random base reads. Results are shown in Fig. 2C and Supple-
mentary Table S4. For all SNPs, a mean of 1.56 non-specific reads was
observed and a total of 178 SNPs show mean reads below the overall
mean, or 82 % of markers in the MAPlex panel. Considering the markers
above the mean value, only 5 SNPs consistently present more than 10
reads (2.3 % of markers) and only 2 SNPs displayed more than 20 reads,
(0.92 % of markers). The mean maximum non-specific reads observed
was 26.3 in SNP rs2715883, however most reads occurred in a single
NTC (Supplementary Fig. S3). Supplementary Fig. S3 depicts a boxplot
of the read depth per marker for all 14 NTCs, indicating all observations
with higher numbers of reads are outliers, whilst the median values are
close to zero. This result shows mean values alone are not a valid re-
presentation of the baseline noise. As described previously, the number
of reads per SNP were also analyzed by considering two alternatives: i.
a base that is described as an allele for the specific SNP, but at a low
level of sequence reads, or ii. a non-specific base misincorporation. By
establishing a ratio between the specific base mean reads and the total
mean number of reads, a value of 0.99 was obtained, clearly indicating
high levels of specific incorporation of bases at each marker’s position.
Even though the mean number of non-specific reads in all SNPs is very
small and therefore were not expected to influence genotype calling,
some caution should be taken when analyzing SNPs that consistently
have more than 10–20 non-specific reads, depending on the threshold
established for genotype calling, and whether this is an overall value, or
applied to each SNP individually.
3.2.5. Forensic sensitivity of the MAPlex assay
The sensitivity dilution series was run four times independently
with their libraries prepared and sequenced in individual S5 runs (series
1–4). Fig. 3A and Supplementary Fig. S4A show the percentage of
correct genotype calls and the percentage of various inconsistencies
found per mean dilution and per replicate. High percentages of correct
genotypes were observed as low as 0.063 ng DNA input, with 99.1 % in
mean replicates. In addition, the lower DNA input dilutions of 0.032 ng
and 0.016 ng showed high percentages of correct genotype calls of 96.8
% and 81.9 % respectively (Fig. 3C). At one 0.125 ng replicate two
genotype inconsistencies were observed, comprising one allele dropout
and one no call due to a low number of reads (15x). Below 0.125 ng, the
frequency of observed inconsistencies increased, showing a mean of 0.9
%, 3.2 % and 18 % at 0.063 ng, 0.032 ng and 0.016 ng, respectively
(Supplementary Fig. S4 and Supplementary Table S5). For the lowest
input dilutions of 0.032 ng and 0.016 ng, the most frequent incon-
sistency found was allele dropout with less loci giving no calls (both
from Genotyper analysis or no reads). Dropins were found at a very low
frequency and no completely incorrect genotype calls were found in all
mean dilution replicates. Despite a proportion of loci that under-
performed consistently in terms of number of target reads, the dis-
tribution of inconsistencies across different SNPs did not appear to be
related to mean coverage.
The distribution of target reads in each replicate per dilution series
followed a consistent and regular decreasing line for series one and two
(Fig. 3B, all replicates). However, series 3 and 4 showed more
Fig. 1. A: Normalized coverage distribution in all markers per reproducibility replicate of 1 ng and 2 ng DNA input. Normalized coverage was calculated as the ratio
between the number of reads at the SNP position and the total coverage of the replicate. B: Normalized coverage per SNP in mean 1 ng replicates plotted against the
mean 2 ng replicates.
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variability and higher coverage values in low input replicates (Sup-
plementary Fig. S4B, Supplementary Table S6). Although series 3 and 4
had generally higher coverage values and wider coverage distribution
across SNPs, no improvement in the proportion of correct genotypes in
the lower DNA input dilutions was observed (Fig. 3A). Indeed, the last
dilution of series 4 (4−0.016 ng) was the worst performing sample in
the sensitivity series, reaching 77.1 % of correct genotype calls, 14.2 %
of allele dropouts and 7.3 % of no calls (due to no reads). Nevertheless,
it showed a mean coverage of 2063 target reads for all SNPs, whereas
the other 0.016 ng replicates showed mean coverage of 283.2, 357.1
and 2249 (series one to three, respectively). Variation in coverage
performance between series 1–2 and 3–4 might be due to the fact that
those were run by pairs into different chips attaining different quality
scores.
Considering the analysis of the microhaplotypes separately, this
requires reads that align to the full extent between the bounding
component SNPs. Therefore, a decrease in coverage is expected when
compared to single SNP genotyping, the latter accounting for shorter
reads starting in both directions. However, correct haplotypes were
detected down to 0.125 ng. At 0.063 ng, one replicate showed a single
allele dropout in MHA-11 and one allele dropin in MHA-20. At 0.032 ng
one replicate with 1 allele dropin in MHA-10 (CTAAT) was observed
Fig. 2. A: Mean 1 ng replicates strand bias ratio per SNP. Strand bias was calculated as the ratio of the mean number of forward reads to the total number of reads at a
specific SNP position. B: Percentage of mean misincorporated bases per SNP divided into expected (specific) allele base misincorporation and random (non-specific)
base misincorporation. C: Mean reads per SNP found in fourteen negative controls, commonly described as baseline noise.
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with 262 reads and the same replicate showed an incorrect genotype
call in MHA-21 (composed of 3 SNPs only), displaying the haplotypes
AGCT and CGTC (4092 and 1654 reads respectively). The expected
haplotypes (ACT and CTC) showed no additional G variant site in the
middle of the microhaplotype. This base was most likely a PCR error
due to the low DNA input that the Microhaplotyper plugin has included
as an allele in the MH-allele string. As expected, at 0.016 ng, there was
an increase in the number of allele dropouts per replicate (minimum 3
allele dropouts, and one replicate showed 5 allele dropouts), as well as
an increased number of allele dropins, incorrect genotype calls and
complete locus dropouts. More details are provided in Supplementary
Fig. S5 and Supplementary Table S7. These results indicate that the
prototype version of the Microhaplotyper plugin used is an effective
tool to obtain allele calls for microhaplotypes as phased strings, but
requires further improvement and the need for manual revision of
component SNP allele calls when analysing compromised samples.
3.3. Additional sensitivity series and initial assessment of increased PCR
cycles
3.3.1. Dilution series
Two replicates of a dilution series (series 5 and 6) of 10 ng-0.01 ng
were typed with the MAPlex panel and sequenced in one Ion S5 run.
Sequence coverage analysis of both dilution series revealed differences
between replicates, showing a general trend of lower coverage values in
the second dilution series (Fig. 3D and Supplementary Table S8). Al-
though both dilution series showed an expected decrease in number of
reads following decreasing DNA input, series 6 displayed a sharp de-
crease in sequence coverage from 1 ng to 0.5 ng. The 0.5 ng replicate of
the series 6 showed more similarities in coverage levels with the lower
input DNA dilutions than with the closer dilutions of the series. A
possible explanation for this difference is the fact that the dilutions
series was prepared separately, and was not based on the same
Fig. 3. A: Percentage mean of correct genotypes detected and genotype inconsistencies (allele dropouts and dropins, incorrect genotype calls and no calls) found per
sensitivity series 1-4 dilution steps. B: Coverage distribution in mean replicate sensitivity dilution steps (series 1-4). C: Percentage of correct genotypes detected and
genotype inconsistencies (allele dropouts and dropins, incorrect genotype calls and no calls) found per replicate of each dilution steps in sensitivity series 5-6 and
increased PCR cycles – series 7. D: Coverage distribution per replicate in the sensitivity series 5-6 dilution steps and increased PCR cycles – series 7.
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concentration stocks. Although this result cannot be explained by pi-
petting variation alone, the sharp drop in coverage did not affect the
number of inconsistencies and dropouts found, which appear compar-
able in both series’ replicates.
Correct SNP genotype calls were observed down to 0.5 ng in mean
duplicates (Fig. 3C and Supplementary Table S9). At 0.25 ng, two allele
dropouts occurred in one of the replicates with a coverage of 2006
reads at the SNP target, while interestingly the second replicate with a
lower number of reads (572) generated a full set of marker types. Below
0.1 ng input levels, several allele and locus dropouts occurred as de-
scribed previously for the operational validation tests performed on
similar forensic MPS assays [10,14].
Two dropins were observed: at 0.1 ng in rs7853487, (a CT genotype
instead of TT: 261 C reads vs 546 T); and at 0.025 ng in rs12629397 (a
GT genotype instead of GG: 50 T reads vs 244 G). In both cases there is
evident imbalance beyond the usual proportions of allele reads ob-
served in these SNPs. Such imbalances underline the importance of
checking the major allele frequency metric for detecting erroneous
genotype calls. Incorrect genotypes were called only at the lowest
concentration replicates of 0.025 and 0.01 ng, and can be interpreted to
represent random erroneous PCR amplification products from very low
input DNA. Supplementary Table S9 details the incorrect calls and
dropins observed with the dilution series DNA samples. The overall
pattern of dropouts in all samples indicates no direct association with
specific MAPlex loci; notably those with below average levels of se-
quence coverage with higher DNA inputs, but rather as a purely sto-
chastic, and therefore random phenomenon.
3.3.2. PCR cycle number
To further study the sensitivity of the MAPlex assay we tested an
increased number of PCR cycles (raised to 27) for a new dilution series
(series 7) with the same input concentrations. Coverage values in the
higher dilutions (10 ng-0.25 pg) were similar to the same replicates for
sensitivity series 5 (Fig. 3D, Supplementary Table S8). However, when
analyzing lower dilutions from 0.1 ng to 0.01 ng we observed an in-
crease in coverage values for the increased PCR cycle. Furthermore, the
sensitivity replicates with increased number of PCR cycles yielded full
genotype results down to the lower level of 0.25 ng (Fig. 3C and Sup-
plementary Table S9); increasing the sensitivity of the assay by one
dilution factor. Allele dropouts started to occur only at and below
0.1 ng, further indicating increased sensitivity from additional PCR
cycles. Interestingly, no dropins or incorrect genotype calls were ob-
served when the PCR cycles were increased. These results indicate the
need to further optimize PCR conditions to enhance the sensitivity of
forensic MPS assays analyzing low level DNA, in this sense, increasing
the PCR cycle number to 27 is a better approach to low-level DNA
analysis.
3.4. Analysis of degraded DNA
Results from an enzymatically degraded time-series of 1 ng input
DNA indicated full correct genotypes (Supplementary Fig. S6A,
Supplementary Table S10) and high coverage values (Supplementary
Fig. S6B, Supplementary Table S11) in all time-series of degradation. To
assess the likely state of the DNA in these artificially degraded samples,
STR analysis was run in parallel. Despite observing a decline in signal
strength from the smaller to the larger amplicons (Supplementary Fig.
S7), the enzymatic degradation did not appear to affect amplicons
smaller than 100 bp, indicating enzymatic shearing does not provide a
complete approximation of DNA degradation, and consequently the
performance of the MAPlex assay with degraded DNA requires further
evaluation.
3.5. Analysis of mixed DNA
The MAPlex panel was designed to provide enhanced detection of
mixtures, comprising microhaplotypes [19,20] and multi-allelic SNPs
[21,22] that can assist in identifying mixed DNA. Nevertheless, in
routine, operational forensic DNA analysis, biogeographical ancestry
inference is generally performed after STR analysis. STRs have higher
levels of polymorphism than SNPs and MHs, therefore, STR analysis
enables greater resolution in mixture deconvolution. The mixture de-
tection system we propose for MAPlex is based on the combination of
three different common approaches that should be taken into account
together: (i) heterozygosity levels; (ii) allele imbalance; and (iii) pre-
sence of more than two alleles in multi-allelic markers. The results of
applying these criteria to the set of mixed DNA samples is detailed in
the following section.
The first approach commonly applied to detect mixed DNA is as-
sessment of the heterozygosity levels of the unknown profile with va-
lues usually found on single-source samples. However, as AIM markers
are specifically chosen to have contrasting frequencies between popu-
lations, this approach is much less informative when the mixture con-
tributors are individuals of the same population. Supplementary Fig. S8
shows heterozygosity levels calculated as the percentage of hetero-
zygous calls of the four reference Coriell cell line DNA single-source
samples (left-hand and middle portions of the plot) and four pairs of
artificial mixtures at three different ratios each. The heterozygosity
levels of mixtures in ratios 1:1 (ranging from 54 % to 72 %) reach
higher values than single-source samples (equivalent range: 23%–36%)
i.e. ∼1.5 times higher, including mixtures of individuals from the same
population (EUR-EUR). The more imbalanced mixture ratios 1:3 and
1:9 tended to show lower heterozygosity values than the 1:1 mixture
due to the lack of detection of the minor alleles when applying default
parameter settings for Genotyper. When adjusting the lower threshold
for the parameter min_allele_freq (minimum allele frequency, the
threshold applied for reliable detection of a heterozygous genotype),
the capacity to detect the minor alleles improves and the heterozygosity
levels of 1:3 and 1:9 mixture ratios reach values comparable to the 1:1
mixture ratios, as shown in Supplementary Fig. S8 (right-hand portion
of the plot).
When considering the genotyping accuracy of mixtures, changing
the min_allele_freq parameter improves genotype concordance – cal-
culated taking into account the individual SNP genotypes of the com-
ponents in each mixture– especially when analyzing the most im-
balanced mixture ratios. As shown in Fig. 4, the number of discordant
genotypes was not completely reduced when changing this parameter,
mostly due to the presence of a third allele in the tri-allelic SNPs in
MAPlex [22]. The TFS Genotyper plugin did not allow the calling of
three alleles. Additionally, the application of different criteria to
manually call tri-allelic SNP alleles could not consistently distinguish
the signal of a third allele from base misincorporations. For this reason,
detection of mixtures based on calling three alleles will require re-
finement of the Genotyper plugin to allow specifying the likely number
of components of the mixture and the maximum expected number of
alleles in any one marker.
A second indicator of mixtures is the departure of the Allele Read
Frequency value (ARF, calculated as percentage of allele reads over the
total coverage of the marker) from the expected pattern found in single-
source samples. Fig. 5 shows reference ARF values for single-source
reference samples and four mixtures in three different ratios. Single-
source ARF values clustered tightly around 0 % or 100 % for homo-
zygotes and with little spread around the 40–60 % interval for het-
erozygotes. Mixtures can be easily distinguished, taking into account
the broad spread of their ARF values, which aligns more closely to those
of single-source samples as the mixture ratio is more extreme (i.e. it is
easier to differentiate a 1:1 mixture than a 1:9 mixture).
A third indicator of mixtures is the presence of more than two alleles
in multi-allelic markers. As explained above, the detection of three al-
leles in tri-allelic SNPs does not always properly differentiate allelic
sequences from baseline levels of misincorporation. However, this
panel included 20 multi-allelic microhaplotype markers, which, can be
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Fig. 4. Bar charts representing the
percentage of concordant (light grey)
and discordant (dark grey) genotype
calls compared to the expected mixture
and no-calls (black) in four different
mixtures (AFR–EAS, EAS–EUR,
EUR–AFR, EUR–EUR) at ratios 1:1, 1:3
and 1:9 genotyped with default para-
meters (top plot) and min_allele_freq
parameter threshold set to 0.02
(bottom plot).
Fig. 5. Reference Allele Read Frequency (ARF), calculated as the percentage of allele reads over the total coverage of the marker; values of four different mixtures
(AFR–EAS, EAS–EUR, EUR–AFR, EUR–EUR) at ratios 1:1, 1:3 and 1:9 and their component single-source (SS) reference samples.
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genotyped and then reliably phased using the Microhaplotyper plugin.
This plugin called all SNP alleles and their haplotype combinations
successfully for all sequences at read frequencies higher than a pre-set
relative analytical threshold (default value 0.02). For the analysis of
mixtures, the relative analytical threshold of Microhaplotyper was left
at 0.02 to enhance the detection of the minor component, especially in
1:9 mixtures; where the expected frequency of the minor allele is 0.05.
In contrast, when calling haplotypes in single-source samples, the
analytical threshold was set at 0.1 to match the equivalent min_alle-
le_freq threshold in Genotyper. The histograms in Supplementary File
S2 represent the total read number of called alleles in the 20 micro-
haplotypes of MAPlex for different mixture ratios and their component
single-source reference samples. When considering a sample’s profile as
a whole, mixtures can be detected in all cases from the presence of more
than two alleles in three or more markers. In the absence of a perfect
balance of heterozygous markers in single-source samples, proportions
of the different alleles of a microhaplotype across the different mixture
ratios tended to follow the expected patterns, with the minor compo-
nent alleles decreasing in proportion from 1:1 through the 1:3 to the 1:9
ratios. However, the AFR-EAS and EAS-EUR 1:1 mixture ratios do not
show the expected balance between sample alleles due to the lack of
precise quantification prior to mixture preparation, potentially re-
sulting in underrepresentation of the EAS component. In the analyzed
mixtures, dropouts of the minor component (indicated by the violet
arrows) occurred at a low level at the most imbalanced mixture ratio of
1:9. Also, in the EUR-EUR mixture (Supplementary File 2D), a dropin
was identified for MHA-09 (indicated by the red arrows). In this case,
the non-matching haplotype is GGC, while the expected haplotypes are
AGC and GAT. Supplementary File S1-D shows IGV captures of the
microhaplotype region and highlights that the first SNP is embedded in
a poly-G tract, likely to cause misalignment and lead to miscalling of a
proportion of AGC haplotypes as GGC. Overall, deconvolution of mi-
crohaplotype individual profiles for imbalanced mixtures appears to be
feasible, taking into account the possibility of a low level of dropouts
and dropins.
4. Concluding remarks
High quality sequences were obtained for all SNPs in the MAPlex
panel. The reproducibility tests confirmed the assay’s sensitivity to low
levels of input DNA, but with discernible differences in sequence cov-
erage amongst the component markers. In contrast with previous assays
tested on the Ion PGM platform, the Ion S5 System used to sequence the
MAPlex panel provided a more balanced ratio of sequences between
forward and reverse strands. Low levels of misincorporation and base-
line noise appear to be inherent to the sequencing method, not the
individual loci of the MAPlex panel, and generally should not influence
correct genotype calling. Only the two SNPs rs2387842 and rs1422656
performed below expectations due to misalignment issues that appear
not to unduly affect their genotyping accuracy.
Because of the high quality of sequences generated, the assay de-
monstrated high concordance, reaching levels over 99 % for both
comparisons between laboratories and with online data from 1000
Genomes phase III sequence analysis using different chemistries. This
validates the use of TFS software pipelines to obtain accurate genotypes
from Ion S5 MPS sequence data.
In relation to the ability of the panel to analyze compromised
samples, a high sensitivity to low-level DNA input was observed in both
sensitivity tests, yielding full correct profiles from 0.125 ng, and more
than 80 % of correct genotypes with input DNA below 0.016 ng. The
effect of increasing the number of PCR cycles requires further evalua-
tion, however, the data suggests an increase in sensitivity can be
achieved by raising the cycle number, without generating dropins and
incorrect genotype calls. Although further testing of highly degraded
DNA samples, and particularly naturally degraded material, is neces-
sary to gauge the performance of MAPlex, the current analysis with
artificially degraded DNA provides an indication of the robustness of
short amplicon MPS assays and their improved performance when
compared to STRs.
Detection of mixtures was straightforward, taking into account the
imbalanced allele read frequencies of SNPs and microhaplotypes with
more than two haplotypes. However, improvements in the Genotyper
plugin are required to reliably detect three alleles in tri-allelic SNPs.
Mixture analysis and deconvolution with microhaplotypes clearly offers
a promising way forward for this aspect of forensic MPS analysis, with
the additional potential to infer individual biogeographical ancestry of
the components of a mixture.
Overall, high genotyping performance of the MAPlex panel was
observed in these studies. These results indicate that MAPlex is a ba-
lanced, well-designed panel, with high levels of sensitivity and re-
producibility. The MAPlex panel will be particularly informative for
forensic scenarios where estimation of the biogeographical ancestry of
the contributors to a mixture is required. The further testing of MAPlex,
with more extensive population samples will assist in evaluating the
ancestry predictive performance of the panel, with relevance to its
ability to differentiate multiple genotypes in mixed DNA. Lastly, the
application of MAPlex to actual casework analyses will help further
investigate the lower limits of sensitivity of this panel and forensic se-
quencing with the Ion S5.
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